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Abstract 

Employing the PPN formalism the gravitomagnetic field in different metric 
theories is considered in the analysis of the LAGEOS results. It will be shown 
that there are several models that predict exactly the same effect that general 
relativity comprises. In other words, these Earth satellites results can be taken 
as experimental evidence that the orbital angular momentum of a body does 
indeed generate space-time geometry, neverwithstanding they do not endow 
general relativity with an outstanding status among metric theories. Addition- 
ally the coupling spin-gravitomagnetic field is analyzed with the introduction 
of the Rabi transitions that this field produces on a quantum system with spin 
1/2. Afterwards, a continuous measurement of the energy of this system is 
introduced, and the consequences upon the corresponding probabilities of the 
involved gravitomagnetic field will be obtained. Finally, it will be proved that 
these proposals allows us, not only to confront against future experiments the 
usual assumption of the coupling spin-gravotimagnetism, but also to measure 
some PPN parameters and to obtain functional dependences among them. 
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1 Introduction 



The gravitomagnetic field [1] is one of the most important predictions of general rela- 
tivity (GR), which has no Newtonian counterpart, and that emerges as a consequence 
of mass-energy currents. Though this field has already been detected [2] it is also 
important to mention that this fact does not imply that Eintein's theory of gravity is 
the correct one. One of the reasons for this last claim stems from the fact that there 
are several metric theoris of gravity, this will be shown below, that predict exactly 
the same gravitomagnetic field as GR does, for instance, Rosen's bimetric theory of 
gravity [3, 4]. In other words, restricting ourselves to Ciufolini's measurement outputs 
we may not conclude if the perturbation of the orbit of the LAGEOS and LAGEOS 
II satellites was caused, for instance, by GR or by Rosen's theory. 

Clearly, at this point it may be argued that there are other experiments that 
discard Rosen's theory as a viable idea, nevertheless, this last argumentation can not 
be apphed to the case of Brans-Dicke (BD) model [5], in which a free parameter can 
be used to reproduce the aforementioned results. 

An additional point concerns the fact that the gravitomagnetic field has been 
detected using classical systems, namely its effects upon the orbit of the involved 
satellites, but the possible consequences on quantum systems, particularly the cou- 
pling spin-gravitomagnetic field, has always been forgotten, i.e., usually it is assumed 
that the coupling orbital angular momentum-gravitomagnetism can be extended to 
explain the coupling spin-gravitomagnetic field [6]. Neverwithstanding this assump- 
tion has not only to be fathomed better, but also it must be subject to experimental 
scrutiny [7]. 

In this work the gravitomagnetic field of any metric theory will be used to analyze 
the Earth satellite results [2]. It will be shown that several theories predict the 
same field, GR included. Hence LAGEOS and LAGEOS II results can be taken as a 
proof that the orbital angular momentum of a body does indeed generate space-time 
geometry, neverwithstanding these results do not endow general relativity with an 
outstanding relevance among metric theories. At most it can be claimed that GR is 
a viable model. 

Additionally we introduce two experimental proposals that could lead to the de- 
tection of the coupling between intrinsic spin and the gravitomagnetic field. In order 
to do this, we will analyze, using the PPN formalism [4], the role that the gravito- 
magnetic field of the Earth, in the context of any metric theory of gravity, could have 
on a quantum system with spin 1/2. In particular we will deduce, with the additional 
introduction of an electromagnetic field, a Rabi formula [8], which depends on the 
coupling between the spin of the quantum system and the gravitomagnetic field of 
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the Earth. Afterwards, the continuous measurement of the energy of the spin 1/2 
system is considered [9]. This last part of the work is an extension of a previous re- 
sult [10], where only GR was considered. It will be shown that these proposals could 
allows us, not only to confront against future experiments the usual assumption of 
the coupling spin-gravitomagnetism, but also to bound some PPN parameters and 
to obtain functional dependences among them. 



2 Gravitomagnetic Field and PPN Formalism 

Let us consider a rotating uncharged, idealized spherical body with mass M and 
angular momentum J. In the weak field and slow motion limit the gravitomagnetic 
field may be written, using the PPN parameters Ai and A2 [11], as 

/7Ai + A2nG J-3(J-a;)i; 
^ ^ ( 4 ■ 



The case of GR implies I^i±^ = 2, while BD appears if IAi±^ = ^g^. A quite 
interesting point emerges when we consider the situation of Ni's theory [12], where 
7A1+A2 _ j there is no gravitomagnetic field. This example shows that not every 
metric theory has a non-vanishing gravitomagnetic field, in this sense Ni's model is 
closer to the Newtonian situation. 

If we now resort to other metric theories of gravity, for instance, Rosen's [3], or 
Rastall's model [13], we may readily see that '^^1+^2 _ 2^ in other words, we found 
three different gravitation theories that have exactly the same gravitomagnetic field. 
This should be no suprise at all, indeed, it is a known fact that, for instance, Rosen's 
theory has identical PPN parameters as those of GR, with only one exception [4] . 

These last cases imply that Ciufolini's measurement readouts [2] can only be taken 
as an indirect proof of the validity of GR, i.e., there are at least two additional theories 
of gravity that predict exactly the same gravitomagnetic field as GR does. Directly 
they only prove that local inertial frames of reference are infiuenced and dragged by 
mass-energy currents, and that this effect is very close to the predictions of some 
metric theories, GR included. Clearly these experimental outputs do discard at least 
one metric theory, namely Ni's model, where ^^^^^^ = [4, 12]. 

Considering the experimental resolution [2] we may assert that the aforementioned 
experiment does not even discard BD, as a matter of fact if we consider that Ciufolini's 
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results differ from the general-relativistic predictions by a 20% percent, then we may 
deduce that in connection with BD this means that the free parameter of this theory 
(lo) satisfies the condition lo G [—3.6,3.0]. In other words, not only GR, Rosen, or 
Rastalls theories match with the experiment, it is also possible to find and interval 
for uj such that BD reproduces the measurement outputs. 

Some interesting conclusions may be drawn if we consider Lee's theory [4, 14]. If 
we analyze this model in the context of the experimental results [2], then we may 
impose bounds upon an expression that involves three of its PPN parameters (e, cq, 
and ci) 

j-|=e 10.9, 1.3], (2) 

which means that e is a function of cqCi. In other words, the arbitrary parameter e 
is, through the gravitomagnetic effect, given as a function of the cosmological vari- 
ables Cq and Ci. Additionally from this functional dependence the two remaining 
arbitrary parameters of this model [4, 14], Ki and K2, are also fixed as a function of 
the cosmological variables. 

3 Coupling Spin— Gravitomagnetism in Metric The- 
ories 

Let us consider a spin 1/2 system immersed in the gravitomagnetic field given by 
expression (1). We will assume that the expression that describes the precession of 
orbital angular momentum can be also used to the description of the dynamics in the 
case of intrinsic spin. In the context of GR this is a usual assumption [6], though if 
we adopt a more critical position this fact has to be put under experimental scrutiny, 
moreover it has to be underlined that up to now there is a lack of experimental 
evidence in this direction. 

— * 

Let us now denote the angular momentum of our spherical body by J = Jz, being 
z the unit vector along the direction of the angular momentum. Our quantum particle 
is prepared such that S = SzZ. For simplicity we will also assume that our system 
carries vanishing small velocity and acceleration, and that it is located on the z-axis, 
with coordinate Z. 
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Following this analogy between gravitomagnetism and magnetism we may now 
write down the interaction Hamiltonian (acting in the two-dimensional spin space of 

— * — * 

our spin 1/2 system) which gives the coupling between H and the spin, S, of our 
particle. 



H^-S-H. (3) 



With (1) we may rephrase this Hamiltonian as 



„ /7Ai + AsxCJ/ir, 11 ,1 



Here |+ > and |— > represent the eigenkets of Sz- Clearly, the introduction of the 
gravitomagnetic field renders two energy states, i.e., it breaks the existing symmetry 
in the Hilbert spin-space. 

1 J^' (5) 



/ 7A1+A2 N G J/i 

= (6) 



where is the energy of the spin state -\-h/2 {—h/2). Let us now define the 

frequency 

Q=(B„-B,_.)/fi = 2(I^)^. (7) 
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But this analogy between gravitomagnetism and magnetism allows us to consider 
the emergence of Rabi transitions [8] (with the introduction of a rotating magnetic 
field), in which the transition probabilities will depend upon the coupling between 
the intrinsic spin of our quantum system and the gravitomagnetic field of M. Thus, 
in principle, gravitomagnetism could be detected by means of Rabi transitions. 

In order to do this let us now introduce a rotating magnetic field, which, at the 
point where the particle is located, has the following form 



cos{wt)x + sin{wt)y , (8) 



where x and y are two unit vectors perpendicular to the ^-axis, and 6 is a constant 
magnetic field. 

Looking for a solution in the form \a >— C(+)(i)|+ > + C(_)(i)|— >, we find, 
assuming that our quantum system has been initially prepared such that C(_)(0) = 1 
and C(+)(0) = 0, that 



Rabi transitions depend upon the coupling between spin and the gravitomagnetic 

field, r = \/ (2^)^ '"^"^'^ '-■ This frequency allows us, in principle, to detect the 
metric theory that generates this transition, up to a class defined by those metric 
theories that have the same value of ZAiiiAi 

Let us now measure the energy of our spin 1/2 system, such that this experiment 
lasts a time T and AE denotes the resolution of the experimental device. Prom 
previous work [10] wc expect the inhibition of the evolution of our system, this is the 
so called quantum Zeno effect. Proceeding in a similar way as in [10] we find that 
the probability of having as a measurement output the state | — > is (assuming that 

(^(±)zM!>^2/;^2) is 



Pi-)it) - |l + ""^^"1'^ 1"' (10) 
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wnere — y 4x^^-2 ae'^ -^^ 7 — 2mc- 

In order to compare the predictions coming from different metric theories, let 
us now denote with (l^^^ and ^l^^^ the corresponding frequencies that appear when 
7A1+A2 = 2, a condition that comprises GR. Then the last probability becomes {a = 

|7Ai+A2|\ 
8 / 

P(_)(t) = {1 + [a^ni^^cotHa^lm+-^^]-y. (11) 



Expression (11) gives us the possibility of imposing bounds on some PPN parame- 
ters. For instance, if we take Lee's gravitational theory [14] (where I'^'^i+^^l = __^)^ 
then we may obtain ^^^f— as a function of P{-){t) and of the remaining experimental 
variables. Hence we would obtain, for instance, e as a function of y/coCi. This ren- 
ders a possibility of testing the validity of the assumption concerning the interaction 
betwen spin and gravitomagnetism. Indeed, in this context we have a functional de- 
pendence between e and ^/coCl, and this result could be confronted with expression 
(2)), which is a consequence of an experiment that involves orbital angular momen- 
tum, and not spin. 

It is readily seen that though here we have employed Lee's model the aforemen- 
tioned argument may be used to analyze the validity of this ubiquitous assumption 
in the context of other metric theories of gravity, including GR. For instance, in 
the case of the so called BSLL bimetric theory [15], two arbitray parameters, a and 
K, and two cosmological variables, cuq and cui, would be involved in the correspond- 
ing functional dependences. In other words, Ciufolini's experiment, and the results 
that would come from (11), would allow us to refute or validate, upon experimental 
grounds, this Ansatz. This would be done finding the bounds upon the corresponding 
PPN parameters, that [2] imposes, and then check them with those bounds appearing 
as a consequence of (11). 



4 Conclusions 

In this work the gravitomagnetic field of any metric theory has been used to ana- 
lyze the Earth satellite results. It was shown that there are several theories which 
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have exactly the same kind of prediction that appears in connection with GR. Hence 
LAGEOS results are only an indirect proof of the validity of GR. Nevertheless they 
allow us, not only to discard some theories, for instance, Ni's model, but also to find 
some bounds and functional dependences among PPN parameters. 

In this context it is noteworthy to comment that the bounds found for the BD case 
{uj G [—3.6,3.0]) have an interesting connection with the existence of black holes that 
are absent in GR [16], where this possibility appears if G [—5/2, —3/2). This last 
statement may be rephrased claiming that the LAGEOS results contain the possibihty 
of having black holes which would not appear in GR. 

Additionally we introduced two experimental proposals that could allow us to 
confront, against future experiments, the usual assumption concerning the interac- 
tion spin-gravitomagnetism. It was shown that our quantum expression depends 
critically upon the PPN parameters of the involved theory, and therefore they could 
be employed as tool to check, experimentally, the validity of this Ansatz. where Ciu- 
folini's results would be used as a confronting framework for the results obtained at 
quantum level. 

The confirmation of the Zeno quantum effect [17] sets a sound background for 
the present proposal, though several experimental issues need to be addressed yet, in 
order to say something about its feasibility, for instance, how to screen the quantum 
system from external perturbations, as the magnetic field of the Earth. 
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